. Also, there is a lack o f experimental data and theoretical generalization on crack propagation for a trapezoidal load cycle w ith various hold periods under m aximum load [7, 8] . The m ajority of researchers in this case restrict them selves to the use o f the linear dam age sum m ation hypothesis based on the independent dam aging effect o f fatigue and creep [2, 9] . Som etim es, they determ ine the m aterial susceptibility to a certain m ode o f fracture (fatigue or tim e-dependent) and, on this basis, choose the fracture m echanics param eters to describe experim ental crack grow th rate data [10, 11] . It is notew orthy that such approaches do not always yield satisfactory results and require further experim ental and physical substantiation.
In tro d u c tio n . Analysis o f the state o f the problem revealed that at present the issues concerning prediction o f the crack grow th kinetics under hightem perature fatigue and long-term static loading are the best elaborated ones [1] [2] [3] . Less w ell understood are the problem s o f creep crack developm ent in materials that fracture in a brittle m ode [4] [5] [6] . Also, there is a lack o f experimental data and theoretical generalization on crack propagation for a trapezoidal load cycle w ith various hold periods under m aximum load [7, 8] . The m ajority of researchers in this case restrict them selves to the use o f the linear dam age sum m ation hypothesis based on the independent dam aging effect o f fatigue and creep [2, 9] . Som etim es, they determ ine the m aterial susceptibility to a certain m ode o f fracture (fatigue or tim e-dependent) and, on this basis, choose the fracture m echanics param eters to describe experim ental crack grow th rate data [10, 11] . It is notew orthy that such approaches do not always yield satisfactory results and require further experim ental and physical substantiation.
E arlier [12, 13] , on the basis o f the experim ental data obtained and calculations perform ed, it was show n that the m ost com m only used approaches give no w ay o f predicting the crack grow th kinetics in the alloys under study to sufficient accuracy. In this paper, w e w ill discuss the m ethods proposed for the solution o f the above problem .
R esea rch T ask S ta tem en t. H igh-tem perature nickel-based alloys EP742 and EP962 for aircraft applications w ere used as m odel m aterials. Their m echanical properties and other characteristics as w ell as the experim ental procedure w ere detailed earlier in [12, 14] . The m aterials under study are used to m anufacture long-life aircraft gas-turbine engine (A G TE) disks. The service conditions (flight cycle) involve operation o f the m aterial under cyclic loading w ith long hold periods at m axim um load in a cycle. The solution o f this problem m akes it possible to determ ine the num ber o f cycles o f subcritical crack growth, w hich should be taken into account w hen determ ining the term s and am ount of scheduled m aintenance sessions depending on the technical condition, and to preclude catastrophic failure o f A G TE disks.
To construct a m odel for predicting the influence o f hold tim e on the crack grow th rate, it is necessary to perform the follow ing experim ental investigations:
(i) to study the crack grow th behavior under cyclic and long-term static loading;
(ii) to study the crack grow th rate (CGR) under loading w ith a trapezoidal cycle and w ith holding periods o f 300 and 3600 s at m axim um load.
T h e o re tic a l-E x p e rim e n ta l M odel. To construct a m odel w e used the experim ental C G R data obtained at a constant load w ith a trapezoidal and triangular loading cycle show n in Figs. 1-4 .
Since the duration o f the first portion o f the CCG diagram at initial K in values is m uch longer than that o f the flight cycle (by a factor o f 10 and m ore), w e propose that the equation o f the linear crack grow th rate sum m ation should involve the value o f the m ean CCG rate in the first portion a m instead o f the conventionally used steady-state CCG rate (Fig. 1) .
Aa -103, m t -10-3,h M oreover, during fatigue crack grow th (triangular cycle), a transcrystalline m ode o f fracture is m ost often realized in the alloys under study, w hereas during crack grow th under creep conditions an intercrystalline m ode o f fracture is observed [2, 18] . In this case, the presence o f the first portion depends on the crack initiation technique. In the case o f an initial fatigue crack present, the first portion did exist on the CCG diagram constructed in the coordinates A a -t. This w as associated w ith a change in the fracture m echanism in transition from a fatigue crack to a creep one. In studies o f the creep crack grow th directly from a stress concentrator, the crack propagated at a constant rate, i.e., according to the m echanism characteristic o f the second portion w ith the intergranular fracture m echanism predom inant. Since the trapezoidal cycle represents com bined loading (cyclic plus static), the crack grow th during holding periods is m ost likely to occur by the m echanism s responsible for the first portion o f the CCG diagram. In view o f the aforesaid, w e w rite the hypothesis o f the linear rate sum m ation in the follow ing form:
and a m are the crack grow th rate for a trapezoidal loading cycle and the m ean rate in the first portion o f the CCG, respectively, B and m are the Paris equation coefficients determ ined from the C G R diagram for a triangular loading cycle, and th is the hold time.
The m ost reliable m ethod for the a m evaluation is the experim ental determ ination o f the tim e (ti_2) w hen the crack reaches the portion o f constant grow th rate as w ell as the crack increm ent A a corresponding to this instant of tim e (Fig. 2) . However, perform ing such experim ents is a cum bersom e process due to certain difficulties involved in visual observation o f the creep crack increm ent, particularly at the initial stage o f the experim ent, and the necessity o f follow ing the procedure as described in [14, 19] . From Fig. 1 w e notice that the crack increm ent in the first portion is insignificant and is approxim ately 0 .2 0.7 m m . The crack in this case can grow not only on the surface but also in the bulk o f the specim en and change its front curvature. In accordance w ith [19] , t'in is the tim e from the instant o f load application to the crack increm ent by 0.2 m m , w hich can be determ ined approxim ately using the technique described earlier [14] . In addition, this m agnitude o f the increm ent corresponds to the onset o f the steady-state grow th o f the creep crack, as noted by m any researchers [4, 16, 19] .
The dependence o f the conditional incubation period t\n on the stress intensity factor (SIF) K in is illustrated in Fig. 2 and represented by the em pirical relation C 4 -K P .
B ased on definition o f the conditional incubation period, w e determ ine the m ean crack grow th rate during holding periods by dividing the crack increm ent, From the diagram s in Fig. 3 it follows that for alloy EP962 a satisfactory agreem ent is observed betw een the calculation by form ula (3) and experim ental data obtained for the hold tim es th = 300 and 3600 s. However, for alloy EP742 the calculation by the m odified linear hypothesis (3) fails to give an acceptable C G R estim ate for a holding period o f 300 s. To refine the linear hypothesis (1), w e analyze the stress state at the tip o f a quasi-static creep crack in order to determ ine the m ean crack velocity a m in the initial portion o f the creep crack grow th diagram. W hen a cracked specim en is loaded w ith a constant load, there occur a crack-tip stress relaxation and the developm ent o f a creep zone w hose size is defined by the follow ing relation [11] :
r = ' cr w here K istheSIF, E is the elastic m odulus, t is the current tim e, F cr ( 0 ) is the geom etrical factor, a n+1 ~ 0.69, and n and A are the values o f the coefficients in the equation that describes the m inim um creep rate for a sm ooth specimen:
Sim ultaneously, the process o f dam age accum ulation starts in the m aterial at the crack tip (form ation o f pores, intergranular cracking, etc.) resulting in the crack increm ent and ultim ately in a decrease in the initial creep zone size (4). Thus, the crack-tip stresses decrease due to relaxation and, at the sam e time, increase owing to the crack increm ent and to the fact that the crack tip approaches the creep zone boundary. In the first portion o f the CCG diagram the processes described above are o f transient nature, and as tim e passes the stabilization of both the C G R and the rate o f displacem ent along the force action line takes place (Figs. 1 and 3) . Thus, the condition for the crack to reach the portion o f constant velocity is the equality o f the CCG rate and the creep zone extension rate at the crack tip: (4) and a s is the C G R in the second portion o f the CCG diagram (Fig. 1) . O ther notations are as described above.
The size o f the crack-tip creep zone at the tim e t s is given by
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A ssum ing that the crack, before reaching the second portion, w ould extend by the value corresponding to the creep zone size r s cr w ithin the tim e t s , we estim ate its m ean rate in the first portion as In order to use relation (1) m odified in view o f (4)- (9), w e plotted kinetic creep crack grow th diagram s in the coordinates à s -K . The SIF value in the linear portion varies but slightly (due to a constant load and sm all increm ent in the crack length).
The diagram in the coordinates à s -K is described by the following relation:
The a s values w ere calculated by taking into account only the second (linear) portion o f each diagram obtained at a constant load (P i = const) and the SIF value corresponding to this load.
Substitution o f expressions (7) and (8) into (9) w ith subsequent rearrangem ent gives a relation betw een the m ean CCG rate in the initial portion, a m, and the rate in the second portion:
Verification o f applicability o f the m ethod for determ ining a m by formulas (4)- (11) to m odify Eq. (1) is provided in Fig. 4 . A satisfactory agreem ent betw een the prediction and experim ent is observed at a hold tim e th = 3600 s, i.e., during long holding periods, w hen the processes o f the crack-tip stress redistribution becom e less pronounced [as the fulfillm ent o f condition (6) is approached]. (4)- (9) with th = 300 and 3600 s, respectively. a However, at th = 300 s the prediction by relation (1) falls short o f being encouraging owing to the concurrent processes o f the stress relaxation due to creep and stress increasing through the crack extension increm ent, w hich are far from the stabilization condition (6) during short holding periods. 2. The calculation o f the crack grow th rate for a trapezoidal cycle using the m odified linear hypothesis o f the crack grow th rate sum m ation has revealed that in the region o f low SIF values (closer to the threshold ones) the application o f the second m ethod for determ ining the m ean creep crack grow th rate yields a som ew hat overestim ated value as com pared to experim ental one, w hereas the use o f the first m ethod gives an underestim ated value. W hen the calculations by the proposed m ethods are perform ed for the region o f high SIF values (closer to the critical ones), ju st an opposite tendency is observed. For this reason, it is proposed that the creep crack grow th rate in the first portion o f the crack growth diagram should be evaluated by tw o m ethods and that the calculated results that predict higher crack grow th rates should be used in the m odified hypothesis o f the linear rate summation.
3.
As a result o f the stress state analysis in the vicinity o f the crack tip, we have derived an expression relating the m ean crack grow th rate in the initial portion to the steady-state rate in the second portion. The relation obtained depends solely on the m aterial properties and is invariant to the applied external load.
